Introduction {#Sec1}
============

An enigma in modern-day molecular biology has been determining what exactly the role is for the massive amount of non-protein-coding transcripts found in the human cell. Non-coding transcripts have been estimated to account for ∼70--98% of the genome (reviewed in (Taft et al. [@CR30]; Morris [@CR20])). These non-coding RNAs (ncRNAs) emanate from non-coding DNA, regions in the genome that have been dubbed the "genomic dark matter"; as their functional relevance is questionable. If the non-coding regions of the human genome are not thought to be involved in protein coding then what, if anything, are these non-coding RNAs (ncRNAs) doing? And why would the cell transcribe vast tracks of DNA to never produce a protein?

RNA-mediated transcriptional gene silencing {#Sec2}
-------------------------------------------

Evidence addressing the central question of what the role is for ncRNAs in human cells has emerged from studies carried out with RNA interference (RNAi). RNAi is a process whereby small double-stranded interfering RNA (siRNAs) molecules functionally target and direct the degradation of a homology containing mRNA (reviewed in (Hannon [@CR6]; Hannon and Rossi [@CR7])). This form of RNA-based regulation was termed; post-transcriptional gene silencing (PTGS). In PTGS, siRNAs are targeted to messenger RNA, recruiting the native cellular DICER machinery to degrade the transcript and provide gene suppression. While PTGS is a potent mechanism for the targeted degradation of targeted mRNAs, its gene suppressive effect is transient, lasting only until new transcripts are generated or the siRNAs are degraded. While several studies have been carried out using RNAi to suppress gene expression in a PTGS-based manner, one underappreciated study has created quite a wave of insight. In this study carried out in human cells, siRNAs were designed to target a gene promoter instead of the mRNA/coding region. The result of this siRNA targeting of a gene promoter was the suppression of gene expression at the transcriptional level, upstream of the well-documented PTGS pathway (Morris et al. [@CR23]). Interestingly, this mode of RNA-based transcriptional suppression appeared to rely on an epigenetic component, as Trichostatin A and 5′ Aza-cytadine suppressed the obsiRNA-mediated transcriptional gene silencing (TGS). Notably, the observed siRNA-mediated TGS was similar to previous work carried out in plants and yeast (Matzke et al. [@CR19]).

During the course of investigation as to how siRNAs were capable of directing TGS in human cells, one striking observation was generated. Weinberg and colleagues ([@CR36]) discovered, quite serendipitously, that only the antisense strand of the siRNA was required for TGS in human cells. Other studies have further validated this requirement (Turner et al. [@CR34]), suggesting that the endogenous mechanism in human cells whereby ncRNAs regulate gene transcription may involve forms of RNA beyond double-stranded RNAs. Later work by several groups have collectively led to several insights suggesting a model for how small RNAs can function in controlling gene transcription in human cells (reviewed in (Morris [@CR21]))(Fig. [1](#Fig1){ref-type="fig"}). In this model, the RNA guides an epigenetic remodeling complex to the targeted promoter loci which contains homology to the RNA guide, ultimately resulting in the epigenetic remodeling of the target site to a transcriptionally silent state (Fig. [1](#Fig1){ref-type="fig"}). While much has been gleamed from these collective bodies of work, it had remained unknown whether or not human cells generated endogenous RNAs that might be regulating gene transcription in this manner. Fig. 1Small antisense RNA-directed transcriptional gene silencing---**a** de novo derived small antisense RNAs, designed to target a promoter of choice, can interact with promoter-associated RNAs at the transcribed promoter (Hawkins et al. [@CR9]; Han et al. [@CR5]) and facilitate the recruitment of epigenetic remodeling complexes (Weinberg et al. [@CR36]; Turner et al. [@CR34]; Hawkins et al. [@CR9]; Han et al. [@CR5]; Kim et al. [@CR11]; Suzuki et al. [@CR28]; Suzuki et al. [@CR29]). **b** The result of small antisense RNA targeting is the epigenetic remodeling and stable silencing of transcription from the targeted promoter

RNAi-mediated suppression of the endogenous non-coding RNA suppressor results in activation of gene expression in human cells {#Sec3}
-----------------------------------------------------------------------------------------------------------------------------

Despite earlier observations indicating that small ncRNAs, derived de novo could affect gene transcription, little was known as to whether or not there were active ncRNAs modulating gene transcription in human cells. Some studies provided evidence that micro-RNAs (miRNAs) could function as endogenous regulators of gene transcription (Klase et al. [@CR13]; Omoto and Fujii [@CR25]; Omoto et al. [@CR26]; Tan et al. [@CR31]; Kim et al. [@CR12]). Hints to a deeper layer of RNA-based transcriptional regulation arose from one study which set out to target de novo derived siRNAs to the p21 and E-cadherin promoters, specifically targeting A:T-rich regions in these promoters. Notably, A:T-rich regions of the genome are generally found in the coding bodies of genes, while gene promoters tend to exhibit CpG islands and palindromic sequences with high GC content, often times used for transcription factor or protein binding (Alberts et al. [@CR1]). In this study, it was determined that these p21 and E-cadherin promoter targeted siRNAs were able to activate gene expression, though activation of actual transcription was not demonstrated by nuclear run-on analysis or RNA polymerase occupancy at the respective promoters (Li et al. [@CR17]; Place et al. [@CR27]). In these studies, it was also determined that Argonaute 2 (Ago-2) was required for the observed activation, suggesting an RNAi-like effect was responsible for the observed activation (Li et al. [@CR17]; Place et al. [@CR27]). This observation is noteworthy as siRNAs shown to modulate TGS have generally been observed to require the action of Argonaute 1 (Ago-1), DNA methyltransferase (3a DNMT3a), and histone deacetylase 1 (HDAC-1) (reviewed in detail in (Morris [@CR20]; Morris [@CR21]))(Fig. [1](#Fig1){ref-type="fig"}). Nonetheless, the answer to the question as to how siRNAs targeted to A:T-rich regions in the p21 and E-cadherin promoters were utilizing Ago-2 to activate gene expression remained unknown.

During a foray into the mechanism of siRNA-mediated activation of p21 and E-cadherin, it was determined mechanistically that the A:T-rich siRNAs were actually targeting RNAi to an endogenous long antisense ncRNA (Morris et al. [@CR24]). This observation suggested that possibly long antisense ncRNAs might be functioning as endogenous suppressors of p21 and E-cadherin, possibly regulating their epigenetic states and transcription. Notably, other tumor suppressor genes also appeared to be under this newly discovered regulatory mechanism of long antisense non-coding RNA (Yu et al. [@CR37]). A model has begun to emerge based on several different bodies of work suggesting that long antisense ncRNAs are active regulators of gene transcription in human cells (Fig. [2](#Fig2){ref-type="fig"}). Mechanistically, this model suggests that the siRNA targeting and degradation of the gene-specific long antisense ncRNAs affects the ability of these RNAs to interact with and guide epigenetic silencing complexes to their particular targeted loci in either gene bodies or promoters of the sense/mRNA loci for the gene. The result of this targeting is the activation of gene expression (Fig. [2](#Fig2){ref-type="fig"})(Morris et al. [@CR24]; Yu et al. [@CR37]; Camblong et al. [@CR2]; Cho et al. [@CR3]; Ebralidze et al. [@CR4]; Katayama et al. [@CR10]; Knee and Murphy [@CR14]; Li et al. [@CR18]; Tufarelli et al. [@CR33]; Wahlestedt [@CR35]). Fig. 2Endogenous antisense non-coding RNA mediated transcriptional silencing and activation. Long antisense non-coding RNAs emanating from either **a** bidirectionally transcribed, **b** alternative alleles, or pseudogenes, (Morris et al. [@CR24]; Hawkins and Morris [@CR8]) can fold into secondary structures (**c**) and interact with various proteins as well as target these proteins to homology containing loci in the genome (**d**). The antisense RNA protein complexes can then target the corresponding homology containing loci in the genome where epigenetic remodeling of the local chromatin via directed histone and DNA methylation can occur (**e**). When the antisense non-coding RNAs are targeted by either single-stranded oligonucleotides or siRNAs, the secondary structure is changed or interactions with the epigenetic remodeling protein complexes are blocked (**f**). The result is a loss of antisense non-coding RNA-directed epigenetic regulation of gene expression and subsequent activation of gene transcription (**g**)

Some antisense ncRNAs can function in trans to epigenetically regulate gene expression. In a recent study, an Oct-4 regulatory long-antisense ncRNA emanating from Oct-4 pseudogene 5 (Hawkins and Morris [@CR8]) was found to be involved in epigenetically regulating Oct-4. Notably, this particular antisense ncRNA is not poly-adenylated, contains Oct-4 intronic sequences, and was found to specifically overlap segments of the Oct-4 promoter. The suppression of this Oct-4 antisense ncRNA resulted in a loss of H3K27 and H3K9 methylation at the Oct-4 promoter and activation of Oct-4 transcription (Hawkins and Morris [@CR8]). The suppression of Ezh2 and G9a also had an impact on Oct-4 transcription; the loss of these factors resulted in increased transcription of Oct-4, suggesting that Oct-4 might be under epigenetic regulation via the action of this Oct-4 targeted long antisense ncRNA emanating from Oct-4 pseudogene 5 (Hawkins and Morris [@CR8]).

Taken together, these data, along with those from studies carried out on p21 and p15 (Morris et al. [@CR24]; Yu et al. [@CR37]; Hawkins and Morris [@CR8]), indicated that siRNA-directed gene activation is in essence "RNAi-mediated suppression of the endogenous ncRNA epigenetic suppressor", which results in a loss of endogenous epigenetic brakes being instilled in the particular gene by the action of the long antisense ncRNA (Fig. [2](#Fig2){ref-type="fig"} and reviewed in (Morris [@CR20]; Morris [@CR21])). Others have also found ncRNAs acting in the modulation of epigenetic states of imprinted genes (Tsai et al. [@CR32]). These new findings strongly implicate long antisense ncRNAs as epigenetic regulators of gene expression in human cells. Such observations offer significant insights into a major question in biology: How do epigenetic changes get instilled at particular loci?

While the insights gained from these bodies of work indicate that a vastly more complex regulatory network is operative in human cells they also suggest that some form of regulation can be instilled in a gene-specific manner, i.e., we can turn a gene on or off transcriptionally. Evidence with small RNA-targeted TGS has demonstrated that stable long-term silencing can be established after a relatively short duration of small RNA targeting to a gene promoter (Turner et al. [@CR34]; Hawkins et al. [@CR9]). This form of long-term silencing required Histone Deacetylase 1 (HDAC1), DNA methyltransferase 3A (DNMT3a), and epigenetic changes such as histone 3 lysine 9 di-methylation as well as histone 3 lysine 27 tri-methylation at the targeted site for the initiation of silencing. Conversely, the long-term maintenance of silencing required the action of DNA methyltransferase 1 (DNMT1) and DNMT3a as well as DNA methylation at the targeted promoter (Turner et al. [@CR34]; Hawkins et al. [@CR9]). The impact of a set of molecules that can govern this form of control cannot be overstated as long-lasting effects can, by extension, have an impact on the evolution of the cell. Interestingly, to date, the majority of genes exhibiting long antisense ncRNAs appear to be tumor suppressors (reviewed (Morris and Vogt [@CR22])). These observations might speak to a role for dysregulated long antisense ncRNA-based networks in the evolution of epigenetic silencing and cancer (Morris and Vogt [@CR22])?

Conclusion {#Sec4}
==========

The observations that antisense ncRNAs are involved in regulating gene expression in differentiated cells (reviewed in (Morris [@CR21])) adds to the growing complexity of known long ncRNAs involved in cellular regulation. Examples include the Xist antisense ncRNA TSIX, which is involved in dosage compensation and X-inactivation in undifferentiated primordial cells (reviewed (Lee [@CR16])). Other examples of ncRNAs involved in epigenetic regulation can be found in the imprinted genes (reviewed in (Latos and Barlow [@CR15])). These long ncRNAs also appear to function by targeting the recruitment of different epigenetic regulatory complexes to their intended targets. Clearly, the emerging evidence suggests that in human cells many more genes than previously envisioned, beyond X-inactivation and imprinted genes might actually be regulated by long ncRNAs. In fact, ncRNAs might be actively switching on and off genes in an orchestral regulation that governs the fidelity of the cell and functions in cellular adaption. Knowledge of this mechanism can no doubt prove useful in future therapeutics aimed at controlling gene expression in a transcriptional manner. Future therapies may utilize small RNAs or various chemically modified oligonucleotides to epigenetically modulate a gene transcription or to target endogenous ncRNAs actively involved in regulating particular genes expression. While we may be clearly on the verge of a new therapeutic platform that allows for the targeted control of gene transcription via controlled epigenetic targeting, one issue will continue to remain: delivery.
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